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Abstract 
About 80% of plant genes are interrupted by introns. Splicing is the procedure to remove 
introns from pre-mRNA. Although the splicing machinery (splicesome) is generally 
conserved, the mechanism for splice site selection and splicing control may vary among 
eukaryotic organisms. Splicing mechanisms in plants are poorly understood due to the lack 
of an in vitro splicing system. In this study, both computational and experimental methods 
were used to study plant splicing mechanisms. The Arabidopsis genome was searched by a 
three-round BLAST method using Drosophila and human splicing related proteins as query. 
In total, 262 splicing related proteins were identified and classified into four groups 
according to their functions and homologs. About 60% of splicing related genes were 
duplicated in Arabidopsis. The level of variation and duplication varied from snRNP to 
splicing regulators. snRNPs are the most conserved, splicing factors are less conserved. 
Splicing regulators display more variation and duplication than the other two groups. 
Proteins involved in splice site selection were studied in detail by experimental methods, 
with focus on U2AF1. Two copies ofU2AF1 were found in both Arabidopsis (AUSa and 
AUSb) and maize (ZUSa and ZUSb). These homologs all have single intron in the 5'UTR 
region. RT-PCR revealed that both copies in Arabidopsis and maize were expressed in 
major tissues, and that the intron could be alternatively spliced. Promoter: :GUS assay 
revealed subtle differences in the expression pattern between AUSa and AUSb. AUSa was 
expressed strongly in flower but weakly in roots, while AUSb was expressed strongly in 
roots. These facts indicate that the substrate of AUSa and AUSb may be different. Mutants 
with T-DNA inserted into the AUSa promoter showed late flowering phenotype, possibly 
VI 
due to the splicing pattern of some genes in flowering pathway were altered. Novel SR 
proteins in Arabidopsis and maize were also identified and compared. 
Both computational and experimental studies demonstrate that the general splicing 
mechanism is conserved in plants, but that the splicing regulation mechanism is more 
variable. This is reasonable for organisms to adapt to their environments. Plants may have 
developed special ways to control splicing during evolution. 
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I. Introduction 
Most eukaryotic coding genes are interrupted by non-coding regions, which are 
transcripted but not translated. These interrupting regions are removed from the original 
transcripts (pre-mRNA) to form mature mRNA. The regions are called introns, whereas all 
segments appearing in mRNA are called exons. The procedure to remove introns from pre-
mRNA is called splicing [Sharp, 1994]. Splicing mechanisms in yeast and mammals have 
been well studied using in vitro splicing systems. It has been found that the splicing 
machinery and some splicing signals are conserved among eukaryotic organisms. In the 
following sections, I reviewed the conservation of intron features, splicing machinery and 
splicing factors, and discussed current knowledge about the plant splicing mechanisms. 
I.I Common features ofintrons -- splicing signals 
The majority of introns have some common features [reviewed by Lewin, 1996; Reddy, 
2001]. First, most introns have conserved 5' and 3' borders. lntrons usually start with GU 
(5' border, donor site) and end with AG (3' border, acceptor site). Second, a branch site 
(usually centered on a conserved adenine) occurs upstream of the 3' border. The sequences 
around the branch site are also conserved but vary among different species. In yeast 
introns, the branch consensus sequence (UACUAAC) is highly conserved. In mammals, 
the branch sequences are less conserved (YNCURAC), but a polypyrimidine tract (Py 
tract) is located between the branch sequence and the 3' intron border. Plant introns have a 
loosely conserved branch sequence (YUNAN), and do not have a polypyrimidine tract like 
mammalian introns. But plant introns are U rich, which may contribute to intron 
recognition [reviewed in Lorkovic, 2000]. These facts indicate the variation in intron 
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recognition mechanisms among yeast, mammalian and plants. The common features of 
introns are summarized in Table 1. 
Table 1: Common f ea tu res of lntrons. 
Introns Donor site Acceptor Site Branch seq. Others 
Yeast GU--- ---AG UACUAAC 
Mammals GU--- ---AG YNCURAC Polypyrimidine tract 
Plants GU--- ---AG YUNAN Urich 
1.2 Conservation of splicesome - splicing machinery 
Splicing takes place in a large RNA and protein complex call the splicesome. Yeast and 
human splicesome and snRNPs (§.mall nuclear Ribonucleogrotein) were isolated and found 
to be largely conserved [Gottschalk, 1999; Stevens, 1999, 2001; reviewed by Kramer, 
1996; Reddy, 2001]. Splicesome includes five small protein complexes named Ul, U2, U4, 
US and U6 snRNP. Each snRNP is composed of snRNA (small nuclear RNA), core 
proteins and snRNP-specific proteins. Totally there are five kinds of snRNA (Ul, U2, U4, 
US, and U6) corresponding to the five snRNPs. Each snRNA interacts with Sm proteins to 
form a core protein complex. This complex then interacts with different proteins to form 
snRNPs. Different snRNPs have different functions during splicing. Ul snRNP binds to 
the S' splice site through RNA interaction between Ul snRNA and pre-mRNA. U2 snRNP 
binds to the branch site. U4/U6.US tri-snRNP releases Ul and changes the conformation of 
the splicesome to form the catalytic center [reviewed by Lewis, 1996]. 
Ul, U2, U4 and US snRNPs have seven common core proteins (SmB, DI, D2, D3, E, F, 
and G). They all have a common Sm domain and bind directly with different snRNAs. U6 
snRNP has seven proteins similar to Sm proteins named LSM2 - 8 proteins (like Sm 
3 
proteins). These proteins can form a ring structure and bind with U6 snRNA. LSMl was 
found to have no function in binding to snRNA, but may function also in pre-mRNA 
processing [reviewed by Reddy, 2001]. 
snRNP-specific proteins interact with both snRNA and pre-mRNA. By interacting with 
core proteins and binding to pre-mRNA, Ul-70K can bring the Ul snRNP to the donor site 
[Rosbash, 1991], and U2 snRNP-specific proteins can bring U2 snRNP to the branch site. 
Because the right conformation of proteins and RN As is very important to splicing, many 
proteins function in changing the conformation. Several RNA helicases (US 100 KD and 
200KD) and protein isomerases (20KD cyclophilin) are involved in the snRNPs. Four 
homologs in Ul and U2 snRNP (UlA, Ul-70K, U2B and SAP49) have RNA binding 
domains, indicating their function in binding to pre-mRNA [reviewed by Will, 1997; 
Staley 1998; Reddy 2001]. 
Genome projects are accelerating splicing research greatly. As the majority of splicing 
related genes are known in human and yeast, Drosophila and fission yeast genomes were 
searched by using the known genes as query sequences [Mount, 2000; Kaufer, 2000]. Most 
of these genes were found to have homologs in both Drosophila and fission yeast. 
Interestingly, the splicing machinery in fission yeast was found to be closer to human than 
to budding yeast [Kaufer, 2000]. 
1.3 Functions of U2AF and SR proteins - splice site selection 
In addition to snRNPs, many other proteins participate in splicing by either recognizing 
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splice sites, changing the formation of RNA, and assembling or disassembling the 
splicesome. These non-snRNP proteins involved in splicing are called splicing factors. 
Among them, U2AF and SR proteins have been well studied because of their importance. 
U2AF stands for U2 Auxiliary Factor. This protein was first isolated in human and found 
to be a heterodimer composed of a large subunit and a small subunit [Zamore, 1989]. The 
large subunit in human was 65-KD and the small subunit was 35-KD, so they were named 
as U2AF65 and U2AF35 respectively. Both subunits are highly conserved and each 
display over 80% similarity with their counterparts in Drosophila and about 70% similarity 
with their counterparts in C. elegans. U2AF large subunit has three RNA recognition 
motifs (RRM) and a N-terminal RS domain [Zamore, 1992]. U2AF small subunit contains 
a degenerate RRM (pseudo-RRM), a C-terminal RS domain and a glycine-rich region 
[Zhang 1992]. 
The function of U2AF is to bind to the polypyrimidine tract between the intron branch 
point and 3' AG dinucleotide boundary and recruit U2 snRNP to the branch site sequence. 
The large subunit was found to be able to bind directly to the polypyrimidine tract 
[Zamore, 1992]. The function of U2AF small subunit (U2AF1), however, is still unclear. 
Biochemical experiments revealed conflicting results [Zudner, 1998b]. In vitro splicing of 
some pre-mRNA, such as human ~-globin pre-mRNA and adenovirus major late promoter 
(AdML), didn't need U2AF1, but U2AF1 was required when splicing immunoglobulin µ 
(IgM) substrate [Guth, 1999]. In vivo splicing revealed that U2AF1 is essential. The 
mutation of U2AF1 caused lethality and developmental defects in Drosophila [Rudner, 
1996]. It was proposed that the interaction between the large subunit and small subunit was 
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essential in vivo [Rudner, 1998b]. U2AF1 was suggested to promote the large subunit 
binding to a weak Py tract by interacting simultaneously with the large subunit and SR 
proteins, which could bind to enhancer sequences [Zuo, 1996; Graveley, 2001; Tian, 
1993]. But the U2AF1 RS domain, which was believed to mediate the protein interaction, 
is dispensable [Rudner, 1998]. In vitro splicing indicated that the U2AF1 is also 
dispensable for some substrates which need downstream exonic splicing enhancers [Kan, 
1999]. The conflicting results of U2AF1 indicated that U2AF1 function to promote the 
binding of U2AF large subunit to Py tract in a substrate-specific manner, and the RS 
domain ofU2AF1 has some redundant functions. Compared with mammalians, plants may 
have different 3' splice site selection mechanism, therefore, Arabidopsis U2AF1 homologs 
were studied in detail using experiment methods in this study. 
SR proteins are a super class of non-snRNP proteins characterized by one Arginine/Serine 
rich domain (RS domain) and one or two RNA binding domain (RBD). So far, 10 SR 
proteins were identified in animals, including SC35, SF2/ASF, SRp30c, SRp40, SRp46, 
SRp55, SRp75, SRp20, 9G8 and P54 [Fu, 1995]. SR proteins play important roles in 
splicing. They function in early assembly of the splicesome and in subsequent stages. SR 
proteins can also modulate splice site selection in alternative splicing [Zhu, 2000]. 
SF2/ASF helps the formation ofE (Early) complex by recruiting Ul snRNP to the 5' splice 
site [Kohtz, 1994]. SC35, together with other SR proteins, can interact with U2AF35 and 
act as a bridge between Ul and U2 snRNP [Stark, 1998]. SR proteins are found to be able 
to assemble the splicesome by escorting the U4/U6.U5 tri-snRNP complex to the 
splicesome and promote U2-U6 base pairing [Roscigno, 1995; Tam, 1995]. SRp30c 
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functions in alternative splicing [Screaton, 1995]. 
ESE 
GU A 
SF2/ASF 
Large 
Figure 1: Function of SR proteins and U2AF in splice site selection. 
ESE: Exonic Splicing Enhancer; A: Branch A site in the branch sequence; yyyyyy: Polypyrimidine tract 
Solid box (dark blue) represent exons; Line represents intron. 
1.4 Plant splicing mechanism 
Because the lack of an in vitro splicing system in plants, the understanding of plant 
splicing is still very poor. The properties of plant introns make it reasonable to think that 
plants have special mechanisms to recognize introns. Actually, plant cells can not splice 
heterologous pre-mRNA. The mammalian in vivo and in vitro splicing systems also failed 
to splice plant pre-mRNA faithfully. These facts further proved that plant and animal have 
different splicing mechanisms. Splicing differences were also reported to exist between 
monocot and di cot plants [Martin, 1997]. 
Although plant splice signals are relatively loosely conserved, the splicing factors involved 
in splice site selection, such as U2AF and SR proteins, are still conserved in plants. 
Without a conserved polypyrimidine tract, the question of how U2AF helps U2 snRNP 
bind to the branch site is intriguing. A database search showed that multiple copies of these 
splicing factors exist in Arabidopsis and maize. As U2AF1 and SR proteins function in a 
substrate-specific manner (different factors may recognize different pre-mRNA), plants 
may use different proteins to recognize variable signals. 
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This thesis described a systematic study of Arabidopsis splicing related proteins to reveal 
the general characteristics of plant splicing. Detailed study on the expression and function 
of Arabidopsis and maize SR proteins and U2AF homologs was carried out, with focus on 
Arabidopsis U2AF1 homologs. 
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II. Materials and Methods 
2.1 Computational analysis of Arabidopsis splicing related genes 
a. Search for Arabidopsis Splicing Related Proteins 
A three-round BLAST search strategy was used to identify Arabidopsis splicing related 
genes [Altschul, 1997]. (1) Splicing related proteins in human and Drosophila were 
BLASTed locally against Arabidopsis annotated proteins (ATpep, obtained from TIGR at 
ftp.tigr.org/pub/ data/a_thaliana/athl/SEQUENCES/ ATHl.pep). The unique proteins 
related to splicing in yeast and fission yeast were also subjected to search. All hits withe-
value less than 10-10 were collected as candidate. Among these candidates, many of them 
had more significant e-values compared with others (usually with eval at least less than 10-
30 and are two times lower than others). These candidates were taken as the actual 
homologs and grouped as core homologs. (2) All core homologs then were used to BLAST 
the Arabidopsis proteins again. An e-value of 10-20 was used as cutoff value to find 
possible paralogs of the core homologs. Homologs identified in both rounds of BLAST 
hits were regarded as main candidates. (3) Finally, the main candidates were BLASTed 
against GenPept and annotated. All the candidates with significant similarity to proteins 
unrelated to splicing were removed from the main candidate list, and all candidates with 
significant similarity to proteins related to splicing were regarded as really splicing related 
and promoted to the core homologs. The rest of the candidates were regarded as possible 
splicing related proteins. 
b. BLAST results analysis 
BLAST results were analyzed by MuSeqBox (Multiple Sequence Blast Output 
eXamination) [Xing, 2001]. Two scripts were written to read the MuSeqBox files. 
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MuseqReader can select the required number of hits with certain criteria, cluster the hits 
according to the query sequences and only display e-values, gi number and description, 
which makes the results more readable. Blasaner can pick up all the new proteins found by 
BLAST search and show their corresponding query proteins. If one protein has been hit by 
two or more query sequences, only the one with lowest e-value was displayed. With these 
tools, BLAST searches and analysis were nearly automatic and very efficient. 
c. Gene Structure 
All gene structure information was retrieved from Arabidopsis Genome Database 
(AtGDB). As annotation errors exist in Arabidopsis, new software GeneSeqer2 [Kurtz, 
Zhu and Brendel, unpublished, see references and resources] was used to align all the 
proteins to Arabidopsis genome to get the information about chromosome location, gene 
structures and possible duplication. All this information was saved at SRGD 
(http://gomer7.zool.iastate.edu). The gene structure information was then used as an 
important base to group homologs into gene families. 
d. Protein domains 
InterProScan was employed to search protein domain databases. InterPro 3.1 was 
downloaded from http://www.ebi.ac.uk/interpro/. All the parameters used were the default 
values. Protein domain information was useful for comparison ofhomologs from different 
species. 
2.2 Molecular characteristic of Arabidopsis U2AFJ 
a. Gene clone strategy 
Human U2AF35 was used as a query to BLAST against Arabidopsis protein database. 
Two putative proteins were found to have high similarity with human U2AF35. The 
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Arabidopsis EST database was then searched for clones matching the two predicated 
genes. EST clones were ordered and sequenced from both ends to reveal full length cDNA 
sequence. Primers were designed from the tentative UTR region to clone real full cDNA 
sequences and genomic sequences. PCR fragments were cloned using Topo TA clone kit. 
b. Arabidopsis growth conditions 
Arabidopsis seeds were sown in soil and grown at 4 °C grown for 4 days, then the plants 
were moved to a growth room and grown at 22 °C with continuous light. 
c. RNA extraction 
Total plant RNA was isolated using TriZol reagent (lnvitrogen) from 0.2g of different 
tissues. The manufacture's protocol was followed. Total RNA was dissolved in 20 µl 
DEPC-treated H20 and saved at -20 °C. 
d. RT-PCR 
Total RNA was treated by RQl RNase free DNase according to manufacture's protocol 
(Promega). 2 µg treated RNA were then used for first strand synthesis and PCR according 
to manufacture's protocol (lnvitrogen). For semi-quantitative RT-PCR, PCR products were 
checked after 28, 31 and 36 cycles to determine the linearity of PCR. A ubiquitous 
expressed gene UBQlO was used as control. Primers were as follows: 
AUSa/F:ATCCCACTCATCTCTGTAAC 
AUSa/R:GCTATGTGGTTTCTGCGTC 
AUSb/F3: CGATAGCTTCTCTTCCACT 
AUSb/R:AGTTCGTGAGGCAAATGATG 
UBQl:GATCTTTGCCGGAAAACAATTGGAGGATGGT 
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UBQ2:CGACTTGTCATTAGAAAGAAAGAGATAACAGG 
e. Promoter: :GUS assay 
Two possible promoter sequences for each AUS genes were amplified from Arabidopsis 
genome DNA. Primers were as follows: 
AUSa: PGaal-F: AAG CCC GGG GTT GTT TTG ATT TTG ACT 
PGaa2-F: AAC CCC GGG ATG TGC ACA CTG ATA G 
PGaa/R: GCTC CTG CAG GGC AGA ATT TCC ACC 
AUSb: PGabl-F: CTTGAATTCCTCGTTATGTTATGAC 
PGab2-F: GATGAATTCGGCCAAACCTCTTATGA 
PGab-R: CTCCTGCAGTCTCACCT AAACAT AACA 
PCR products were purified and ligated to vector pCMABIA1381z. The vectors were 
subjected to sequencing from both ends to make sure the insertions were correct. The right 
vectors were used for Arabidopsis transformation. 
In addition to the two promoters for each gene, two control vectors were also used for 
comparison purpose. pCAMBIA1301 vector had a CaMV35S promoter linked with GUS 
gene and therefore was used as a strong promoter control. The empty pCAMBIA1381z 
was used as no promoter control (negative control). 
t: GUS stain 
Plant tissues were immersed in GUS stain solution (50mM NaH2P04, 0.5% Triton X-100 
and lmM X-Gluc). Samples were placed at 37 °C with agitation for 24hrs. The GUS stain 
solution was then replaced with 75% Ethanol for another 24hrs. Pictures were taken 
through microscope. 
g. Over-expression and anti-sense assay 
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Primers were designed from the open reading frame of the AUSa and AUSb genes. The 
same restriction site (Ncol) was used for both ends. The start codon of AUSa happened to 
be a Ncol site, thus AUSa/F primer was used in the amplification. Both vectors and PCR 
fragments were digested by Ncol. The vector then was treated with SAP enzyme to 
dephosphorate to prevent self-ligation. The direction of insertion was determined by EcoR 
I digestion. Forward insertion was over-expression vector and reverse direction was anti-
sense vector. Both vectors were transformed into Agrobacterium and then Arabidopsis. 
Primers were as follows: 
AUSa-OAr: ACAACCATGGTTATGCTCCTCCCTCTTC 
AUSb-OAf: TTAGCCATGGATGGCAGAGCATTTAGCT 
AUSb-OAr: AACGCCATGGTTAAACTCCCTCATCACG 
h. Arabidopsis transformation 
Different vectors were transformed into Agrobacterium by electroporation methods. 
Arabidopsis ecotype Columbia was transformed by Agrobacterium using the flower dip 
method [Weigel, 2002]. Seeds were screened at 0.8% Arabidopsis selective medium 
containing 50µg/ml hygromycin for seven days, then transformed to 1.5% plates for 
another seven day. Resistant plants were transferred to soil and analyzed. 
i. Mutant searching and screening 
Target genome sequences were used to BLAST the Syngenta T-DNA collection, GenTrap 
and Nottinham T-DNA collection databases. The SALK T-DNA Express Database was 
also searched for AUS genes. Seed lines with possible insertion in target genes were 
ordered and planted. About O.lg leaves were used for DNA extraction. T-DNA left border 
primer and gene specific primers were used for mutants confirmation. Southern blot was 
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then used to identify the number of T-DNA copies. Confirmed mutants were self-crossed 
and 10-14 progenies were screened by PCR again to further confirm mutants. 
2.3 Maize SR proteins and U2AF homologs 
Maize homologs were found by BLAST Arabidopsis homologs as said the maize EST 
database [http://zmdb.iastate.edu; Gai, 2000]. Significant EST hits were clustered and 
compared with TUCs (Tentative Unique Contigs). Tentative full length maize homologs 
were obtained through aligning ESTs with TUCs. Putative proteins were translated from 
the tentative full length homologs by ORF finder on NCBI server. 
Primers were designed from the tentative UTR regions and used for genomic PCR and RT-
PCR (ZUSa/F2: CCGAAGAGCAGCCAACA ZUSa/R2: TCCGACACAACACAGATG). 
Maize DNA and RNA were extracted from maize inbred line B73 by the same method 
described in section 2.2. Gene structures were obtained by aligning the tentative mRNA 
sequences with genomic sequences using GeneSeqer [Usuka, 2000] 
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III. Results 
3.1 Systematic analysis of Arabidopsis splicing related proteins 
262 proteins related to splicing were found by the 3-round BLAST search. Their sequence 
similarity, gene structures and domain structures were compared to assign them into 
families. A tentative name was given to each protein according to their homologs and 
family information. Different homologs in one big family were named by adding a number 
(1, 2 ... ) to the name. Close family members which had similar exon numbers and sizes 
were named by adding -a, -b and -c to their name. These possibly represent recent 
duplications. All information is available through SRGD at http://gomer7.zool.iastate.edu. 
The important features about Arabidopsis splicing are summarized in the following. 
3.1.1 Duplication of Arabidopsis splicing related proteins 
The 262 proteins were classified into four different groups according to their possible 
functions. Thus, 85 are snRNPs, 65 are splicing factors, 41 are possible splicing regulators, 
and 71 proteins have similar domains or sequences as some splicing factors and thus may 
be related to splicing in some ways. Here only the first three groups are discussed, because 
their functions in splicing are largely clear. The 191 proteins comprising the first 3 groups 
correspond to 85 families, with 50 of them (58.8%) having multiple members 
(duplications) in Arabidopsis. This number is higher than the duplication of Arabidopsis 
transcription factors (44%) [Reichmann, 2000]. 54% ofsplicesomal proteins, 61% of 
splicing factors and 69% of splicing regulators have duplications. The duplication ratios 
are shown in the following figure. 
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Figure 2: Duplication rates for splicing related proteins and transcription factors 
The increasing in duplication rate from transcription factors to proteins involved in 
splicing machinery and splicing control may indicated that as Arabidopsis evolved, post-
transcriptional control became more important. 
3.1.2 Distribution of Splicing related proteins on Chromosomes 
The distribution of these proteins on the chromosomes is shown in Figure 3. Chromosome 
s. 00" 10.oe" 15. tOll 2t. '°" 25. 00" 
- -- --- - -- - - - ---- -- --- - --- -- -- - - : 
-- - --- ------- ----- --
- - - ---------
-- - -- -- - --- -
-- - - - - - -- - -- -- - - - --- - -- - ---- --- -- - - -- -
Figure 3: Distribution of splicing related proteins on Arabidopsis chromosomes. 
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1 has ~25% of these splicing homologs, while chromosome 4 only has ~16%. Nearly each 
splicing protein class had members on every chromosome. The only exception was SR 
protein kinase, which had 8 members, with none on chromosome 1. 
3.1.3 Duplication source and function redundancy 
Because the 191 proteins in the first three groups could be clustered into 85 families, if 
only one copy existed in the ancestor, at least 106 duplication events were expected to 
produce those proteins. As some duplication would be lost during evolution, the 
duplication events should be more than that number. Twenty duplications (about 18.9% of 
the total) are related to known chromosome duplications [Vision, 2000]. This ratio is 
similar among the three groups, as shown in Table 2. 
Table2: Chromosome duplication involving Arabidopsis splicing related proteins 
Number Family Duplication Chromosome C.D. Ratio 
events Duplication 
SnRNP 85 46 39 7 17.9% 
Splicing factors 65 26 39 8 20.5%) 
. __ §_p~-~~!-~g__!_~g~_!~~-<:?~...... 41 ·········-· _ _J} _____________ 2:~----------------------··-?··-------······------------------)_Z:_?_'.0'._ ...... - .....  
Subtotal 191 85 106 20 18.9% . --- --- -····-·------------ --------- -·-·--- .. --- -.. - - . . .. --- .. -- --·-- -·---···---- --------------- ------------ ---·------------- -··· --··· .. ------ -····-·--·------- ·------ --- --- --- --·- --- -..... -·-·----···-····-.. -·--····-. 
Other SRP 71 4 ·------------------------------------ ----------- .. ------ --------------------------------------------------------------------- -------------------------------------------·--------------
Total 262 24 
Interestingly, it seems that some protein groups arose more by chromosome duplication 
than by random gene duplication. For example, the 23 core proteins have eight duplication 
pairs, five of which are from chromosome duplication. 19 SR proteins also have eight 
duplication pairs and six of them are from chromosome duplication. More interestingly, 
the redundancy region between chromosomes 2 and 3 had the most splicing related 
proteins duplication pairs. 6 proteins in this region on Chr.2 were duplicated in the same 
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order on Chr.3. EST evidence shows that all these genes expressed. It is very possible that 
there is function redundancy between these duplication pairs, since one copy of the protein 
should work all right before the duplication events. On the other hand, as the duplications 
had been kept and remained active during evolution, functional divergences were expected 
for them. 
3.1.4 Majority of snRNPs are conserved in Arabidopsis 
snRNPs are the components of the splicesome. There are five snRNPs (Ul, U2, U4, U5, 
U6) involved in the formation of splicesome. Each snRNP contains a group of common 
proteins (core protein) and some snRNP-specific proteins. All these proteins were found in 
yeast or human originally, and most of them are well conserved in Arabidopsis. 
23 Arabidopsis homologs were found corresponding to the 15 Sm and LSM proteins in 
human. More than 50% of the core proteins (8 out of 15) have two Arabidopsis copies. 
Like their counterparts in yeast and human, all of the 23 Arabidopsis homo logs contain a 
Sm domain. Gene structures were the same between these duplication pairs except atSmE 
and atLSM duplication. atSme-b has an additional intron at the 3' end compared with 
atSmE-a. atLSMla has an additional intron at the 5' end compared with atLSMlb. The 
average similarities between these Arabidopsis homologs are as high as 92%, while the 
similarities between Arabidopsis and Drosophila homologs are much lower. It is likely that 
these genes existed as a single copy in the ancestor of animals and plants and duplicated in 
plants later. 
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There are 62 Arabidopsis proteins corresponding to the 31 queried Drosophila and human 
snRNP specific proteins. Like the tendency in Drosophila, the US snRNPs were the most 
conserved, and Ul snRNPs were the least. This could be because proteins involved in 
conformation changes (US snRNPs and Tri-snRNPs) have higher stringency. 
Like mammals, Arabidopsis has no Prp42 homologs, a component ofUl snRNP in yeast 
[McLean, 1998]. But Arabidopsis has two copies of Prp39, which is similar to Prp42. It is 
possible that in Arabidopsis Prp39 replaces Prp42; The Arabidopsis UlA homolog and two 
U2B homologs are very similar to each other in sequences, domains and gene structures. 
We grouped them into U1A/U2B family. These homologs may have originally come from 
one gene, duplicated in an ancient time and thus have functional divergence. U2B then 
duplicated again in plants. Interestingly, yeast UlA is not essential in splicing, and 
chicken, duck and pigeon do not contain UlA at all [Nelissen, 1991]. Higher concentration 
of SR proteins could compensate the absence ofUlA in some in vitro splicing. These facts 
indicated that UlA and U2B functional divergence might happen after the splicesome 
appearance. 
About S4% of the snRNPs have multiple copies in Arabidopsis. Three families (SF3a120/ 
SAPl 14, SF3b120/SAP130 and Tri-snRNP 6SKD) have tandem duplications, including a 
very recent duplication of SF3b 120/SAP 130 [ Casacuberta, 2001]. The atSAP 130a and 
atSAP130b have the same exon and intron sizes, and their protein sequences are identical 
to each other. The tri-snRNP 6SKD subunit has three copies clustered on chromosome 4. 
Their exon sizes are quite different but have some common blocks. These copies could be 
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ancient compared with other duplications. atSAPl 14 family has five members, including a 
recent tandem duplication, but only the atSAPl 14-la has EST evidence. Interestingly, part 
of the homolog atSAP140p was similar to non-LTR reverse transcriptase. As no EST 
evidence exists for atSAP140p, this gene may be a psuedogene caused by reverse 
transcriptase. Several other snRNPs have more than three copies. 20KD cylophilin (Tri-
snRNP) also has five copies, 116KD subunit and 200KD subunit in U5 snRNP both has 
four copies. EST evidence revealed that all the 20KD-cylophilin, 116 and 200KD subunit 
have multiple active copies. As these proteins mainly function in conformation changes, 
different copies could be used in different pre-mRNA splicing. Or some of them could be 
components of the minor splicesome. 
3.1.5 Splicing factors are slightly different in Arabidopsis 
Splicing factors were divided into four classes according to their function and domain 
structures, including (1) Splice site selection protein; (2) SR protein; (3) RNA helicase, and 
(4) Proteins related to splicesome, such as splicesome assembly and disassembly. Most of 
these proteins are well conserved, but some proteins are missing and some new splicing 
factors are found in Arabidopsis. Proteins involved in splicesome assembly such as RNA 
helicases, SR proteins, and crooked neck/CLF proteins have high duplication number, 
while some proteins such as debranching enzyme and cap binding proteins (CBP, may be 
involved in the first intron splicing) only have a single copy [K.mieciak:, 2002]. These 
single-copy homologs might not be specific to their substrate (in other words, all pre-
mRNAs are the same to them). This fact indicated that if proteins function in a substrate 
specific way, it might be easier for them to evolve high duplications to adapt changes in 
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substrates. If this hypothesis is right, these single-copy homo logs may also function in the 
minor splicesome. 
Duplication on U2AF large and small subunits 
The importance ofU2AF large subunit and small subunit are documented in mammalian 
systems. The small subunit binds to the 3' ss (-AG/ border) and the large subunit binds to 
the intron polypyrimidine tract. Both subunits assist U2 snRNP binding to the branch site 
of introns and thus are called U2 snRNP Auxiliary Factor. U2AF large subunit is an 
essential splicing factor conserved among eukaryotic organisms. Three homologs ofU2AF 
large subunit (Atlg60900, At4g36690 and At3g33440) were found in Arabidopsis, and an 
additional fragment with similarity to the C-termini exists near Atlg60900. Among the 
three copies, Atlg60900 and At4g36690 have similar gene structure and could be a recent 
duplication. Atlg60900 has three RRMs, while only two RRMs are found in At4g36690. 
The third copy (At2g33440) was found surprisingly to have no significant motif. However, 
we do find an EST (GI:8689024) coming from this gene. It was reported that only a single 
copy of U2AF large subunit exists in Drosophila, but we recently found an additional copy 
(gi7291545) on its chromosome 2R-. C.elegans also has a second gene (gi13559787) 
similar to its U2AF large subunit. 
U2AF small subunit has two copies in Arabidopsis. Due to its role in splice site selection, 
efforts will be focused on the exact functions of these two copies. Details about Arabidpsis 
U2AF1 homologs are listed in section 3.2. SR proteins are a super family of versatile 
proteins. They also function in splice site selection. Details about Arabidopsis SR proteins 
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are described in following and in section 3.3. Other splice site selection factors such as cap 
binding proteins were also found to have homologs in Arabidopsis. 
SR proteins 
SR proteins are a super family of proteins containing RRM domains and RS dipeptide 
repeats. They can be recognized by mAb 104 monoclonal antibody and be precipitated 
using a two step salt precipitation. The functions of SR proteins are quite diverse, 
including splice site selection, splicesome assembly, and control of alternative splicing 
[reviewed by Fu, 1995]. There are functional redundancies among these SR proteins. 
Compared with nine SR proteins in human, Arabidopsis has 19 SR proteins. 18 of the 19 
can be grouped into four large families. Although the ortholog of SC35 has only one copy 
(atSC35), there are four SC35 like genes that have similar sequences and domains as 
SC35. They all contained an RRM and an RS domain. These four genes have similar exon 
sizes (atSR33, atSCL30a, atSCL30, atSCL28), which are different with SC35 orthologs. 
Therefore, they may have diverged in a relatively ancient time. SF2/ ASF has four copies 
with similar gene structure and domains. They all have two RRM and an RS domain. Two 
SF2/ASF (atSRI/SR34, atSR30p) have been experimentally identified. 9G8 have five 
homologs and three of them come from recent duplications (RSZp2 l, RSZp22 and 
RSZp22b). All of these five homologs contain two CCHC type zinc fingers in addition to 
an RRM and an RS domain. In addition to the above SR proteins, Arabidopsis also has a 
family of four SR proteins (atSR31, atSR32, atSR40 and atSR41), which have two RRM 
and RS domains. Although atSR40 and atSR41 are similar to human SRp55, their 
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molecular weight and their family members' molecular weight made them unlikely to be 
orthologs of SRp55. They are actually a new SR family with similarity to SF2/ASF. 
Arabidopsis SRp45 is a single copy new SR protein (atSR45), which contains an RRM and 
two RS domains. 
As other SR proteins (SRp20, SRp30c, SRp40, SRp54, SRp55, SRp75) have no orthologs 
and many duplications and several new SR members are presented in the Arabidopsis 
genome, the SR protein families may have evolved individually in animals and plants from 
three to four common ancestors. Therefore some of them may have functional redundancy. 
Arabidopsis SR proteins may not have the same function as metazoan homologs. 
Super family of RNA helicases 
We found 71 RNA helicases in total in Arabidopsis, and it is hard to decide which are the 
real homologs involved in splicing. 17 proteins with the highest similarity to query 
sequences were identified as splicing related. Prp22 and UAP56 have two homologs. 
UAP56a and UAP56b are a recent tandem duplication. There are seven copies and five 
copies could be grouped to Prp2 and Prp5 family respectively. Each family has two 
subfamilies. For Prp43, BLAST analysis revealed two hits. One of them actually belongs 
to the Prp2 family. Another homolog (At5gl4900) is 80% similar to the C-termini of 
Prp43. Interestingly, At5gl4900 was found to have no significant motif. As the helicase 
motif of Prp43 existed in the first 430 amino acids, the upstream of At5gl4900 gene was 
searched and a similar motif as Prp43 was recovered. This indicated that the At5gl4900 
was annotated wrongly and it should be the ortholog of Prp43. 
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SMN complex is missing in Arabidopsis 
One of the clearest features of the Arabidopsis splicing factors is that Arabidopsis lacks a 
SMN complex. SMN (survival of motor neurons) is a protein produced by spinal muscular 
atrophy (SMA) disease gene in human. It can interact with a serial of proteins including 
Gemin2, Gemin3 (helicase ), Gemin4, Gemin5 and Gemin6 to form a SMN complex. This 
complex has important functions in human splicing. SMN can contact Sm proteins and 
snRNA directly, thus it plays an important role in biogenesis of snRNP and assembly of 
the splicesome [Yong, 2002]. Partial deletion of SMNl gene will reduce greatly the level 
ofSMN proteins and thus cause SMA disease [Lefebvre, 1995]. None of the SMN 
complex members have homologs in Arabidopsis. Although Gemin3 had some hits, those 
hits were clearly picked up due to their RNA helicase domains. 
The missing of SMN complex in Arabidopsis indicates that organisms have integrated new 
proteins or pathways into splicing during evolution. This is not strange, as organisms have 
to adapt to their environment. Therefore it should not be surprising if some Arabidopsis (or 
plant) specific splicing pathways exist. Actually this seems to be the case. More clues were 
found in the proteins regulating splicing. 
3.1.6 Splicing regulators are basically conserved but incorporate big differences 
Many proteins are involved in the regulation of splicing and alternative splicing. As the 
splicesome is largely conserved, maybe the best way to control splicing is to use different 
splicing regulators. Important splicing regulators are hnRNP and SR protein kinase. The 
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roles of phosphorylation of SR protein in splicing is not clear yet, but protein kinases are 
well conserved and all have multiple copies in Arabidopsis. The Lammer/CLK kinase has 
three members in Arabidopsis. All of them have one kinase domain. The Arabidopsis 
SRPKl and SRPK2 families actually belong to a large family with similar gene structures. 
SRPKl has two members, both have two kinase domains. SPRK2 have three members and 
all have three kinase domains. As SR protein kinases are well conserved, this pathway to 
control splicing would also be conserved. The hnRNPs, however, are not so conserved in 
Arabidopsis. 
Glycine-rich RNA Binding Proteins (GRBP) 
hnRNP are proteins binding to the nascent pre-mRNA. They can bind to the splice sites 
and the binding sites of splicing factors and thus compete with splicing factors to control 
splicing. Some hnRNPs bind to the splicing silencer region. Humans have about 20 
hnRNPs and many of them are found to have function in splicing. Most of the hnRNPs 
usually contain RRM domains and some auxiliary domains, such as RGG (Arginine/ 
Glycine-rich box) and KH (hnRNP K) domain [Krecic, 1999] 
A super family of glycin rich RNA binding proteins was found in Arabidopsis, which 
contains 21 members similar to hnRNP A 1 and hnRNP A2/B 1. There are 23 other proteins 
which are also glycine rich but have no RNA binding domain (GRP, Glycine Rich 
Protein). They may or may not relate to splicing. These 23 proteins are listed as possible 
splicing related proteins. The super family of glycine rich RNA binding proteins can 
further be divided into two subfamilies. One includes eight proteins containing one RRM 
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(except At2g21660, which has no RRM but may be a duplication of AT4g39260). These 
proteins were named atGRBP (Glycine rich RNA Bind Proteins). Five of the atGRBPs 
might come from a common ancestor. Subfamily two has 13 protein members and all of 
them have two RRM domains (except At5g47620, which belongs to a 6-members 
subclass). This subfamily has similar domain structures as hnRNP A2/Bl and hnRNP Al, 
thus they are named at-hnRNPl-6. 
Another common feature of this super family is that they all have a small number of exons. 
The average exon number for GRBP and hnRNP AIB family is three, which means that 
most of the family members only have two introns. hnRNP 2a and 2b have the most exons 
of six. The average exon number in the GRP family (Glycine Rich proteins, in group 4) 
was even lower, only 1.6 exons. For a comparison, the overall average exon number of the 
total 262 genes is 6.6, and the highest exon number is 49 (At5g61140), which is a homolog 
ofU5-200KD subunit (helicase). There are totally 36 genes with a single exon in the 262 
genes (-13.7%), while-39% of them (14 of36) belong to the GRP and GRBP families. 
The ratio of single exons to multiple exons genes in the GRP and GRBP family is -27%, 
much higher than the average. These facts demonstrate that the splicing regulators in 
Arabidopsis tend to have a low intron number. This might be reasonable because more 
time and energy will be spent on their targets. 
FCA may be plant specific hnRNP 
There are two FCA homologs in Arabidopsis, one (atFCAl, At4g16280) was 
experimentally identified [Macknight, 1997]. Another one (atFCA2) has several exons-
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sizes similar to atFCAl, and thus could be a duplication of the first one. AtFCAl expands 
over 7 kb genome region and containes19 introns, with a large intron of2kb. Totally four 
alternative spliced transcripts exist (alpha, beta, gamma and delta) and only the gamma 
transcript encodes the full protein. The full protein contains two RNA binding domains and 
a WW domain. Other transcripts produce truncated proteins with no RRM or only one 
RRM [Macknight, 1997]. AtFCAl (At4g16280) has 62.4% similarity in a 183 aa HSP 
region over the 486aa full length CUG-BP protein. Very interestingly, the HSP of CUG-
BP and FCA contains not only the two RNA binding domains but also an about 40 amino 
acid region between them. The FCA can bind to poly(U) even in higher salt concentration 
in vitro [Macknight, 1997]. FCA might actually be a hnRNP, and the splicing ofFCA 
transcripts might be controlled through its own products. The variant products might 
compete with each other to determine the amount of full FCA protein, which then affect 
flowering time. Another possibility can not be ruled out as well, i.e., FCA proteins will be 
used as a general hnRNP to control splicing of other flowering related genes. 
Homo logs of some other hnRNPs were also found, such as three homo logs of PTB/hnRNP 
I, which would compete with U2AF large subunit for the polypyrmidine tract of intron, 
one homolog ofhnRNP F, which would interact with CBP (Cap Binding Protein). In 
general, these proteins are less conserved than the snRNP proteins and splicing factors. 
3.1. 7 Summary 
262 proteins related to splicing were found in Arabidopsis and 191 of them were classified 
according to the functions of their homo logs. The rate of duplication was found to increase 
from snRNPs and splicing factors to splicing regulators. This means the general splicing 
mechanism is conserved in Arabidopsis, but the regulation of splicing tends to vary. This is 
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reasonable because different organisms should adapt to different environments. They may 
not be able to change genes dramatically. Therefore, post-transcriptional control would be 
deployed. As regulating splicing is more economic and efficient than changing splicing 
mechanism, more variations in splicing factors and splicing regulators will be expected 
than in snRNPs. 
As reviewed before, plants have special mechanisms to recognize splice site or regulate 
splicing. Differences in splice site recognition also exist between monocots and dicots. As 
U2AF and SR proteins have central roles in splice site selection, Arabidopsis and maize 
U2AF and SR proteins were studied in detail as described in the following. 
3.1 Plant UlAF small subunit 
3.2.1 Phylogenetic analysis of U2AF1 
U2AF1 is highly conserved among eukaryotic organisms except yeast. These homologs all 
have a RRM, RS domain and two CCCH zinc fingers. All animal homologs have poly G at 
the C terminal. The C. elegans protein has two poly G tract. The domains used to bind the 
U2AF large subunit are highly conserved. Arabidopsis has two copies ofU2AF1 named 
AUSa and AUSb. They share 83% identities and 87% similarities in their protein 
sequences. Neither of the two copies have introns in the ORF region, but both have a 
single intron in the 5'UTR region. Drosophila, C.elegans and fission yeast all have a single 
copy ofU2AF1 in their genome. Drosophila U2AF38 has one small intron (68n) after 
coding 15 amino acids. C. e/egans U2AF1 has two introns, a small one (51n) located after 
31aa and a big one (748n) located after 143aa. The mammalian U2AF1 family, however, 
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has more complex gene structures. Human and mouse U2AF35 (on Chr. 21) have seven 
introns in the coding region. There are four other genes related to U2AF35 in human 
[Tupler, 2001 and our unpublished data]. Among them, the one on Chr. 19 is the ortholog 
of mouse U2AF26. U2AF26 has similar gene structure with U2AF35, but the introns in 
U2AF26 are smaller. U2AF26 and U2AF35 share 89% similarity in their first 187 amino 
acids [Gravely, 2002]. The other three human U2AF1 related genes seem to be 
pseudogenes. They are located on Chr.5, Chr 11 and Chr.15 respectively. The copy on 
Chr.15 is about 88% similar to U2AF1, but has no intron. We named it hmU2AF35li (like) 
gene. It may come from retrotransposon duplication. The copy on Chr.11 has an intron in 
the same position as the 4th intron in U2AF35, but this intron caused frame shift 
afterwards and introduced a premature stop codon 12 aa away. Mouse U2AF1 homologs 
are also complex. In addition to U2AF35 and U2AF26, we found that mouse has an 
additional U2AF35 like gene (AAH03883, gi13278055), which has a cDNA clone 
(BC003883, gi13278054). Very surprisingly, this homolog is more similar to rice U2AF1 
homolog than to mammalian homologs. The phylogenetic tree of these U2AF1 homologs 
is shown in Figure 4. 
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dmU2AF38 
hmU2AF351i 
osU2AFSb 
osU2AFo 
msU2AFS-li 
Figure 4: Phylogenetic tree of U2AF1 homologs 
All the animal homologs are grouped together and all the plant homologs are grouped in 
another group. We conclude that the U2AF35 and U2AF26 diverged before the 
mammalian divergence. Actually it may appear before vertebrate divergence, since chicken 
and Takifugu rubripes (bony fish) homologs are nearly identical to human U2AF35. The 
plant U2AF1 homologs, however, seem to have diverged after the divergence ofmonocot 
and dicot, as paralogs in the species are closer than their orthologs in other species. The 
mouse U2AF35-like gene is a little confusing here as it appears in the plant group. What 
we could hypothesize is that there are two copies of U2AF small subunit in the ancient 
ancestor, most of the species lost one copy when evolving. The fungi and animal lost the 
same copy, while plants lost another. But mouse for any reasons retained both copies. This 
can also explain why the fission yeast homolog is closer to animals than to plants. Before 
the divergence of vertebrate, the U2AF35 duplicated and formed U2AF26. After that, the 
U2AF35 gene was duplicated several times in human, while plant U2AF35 duplicated 
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individually after the divergence of dicot and monocot. If this is the case, the divergence of 
AUSa and AUSb might be different with the divergence in rice and maize, as well as in 
mammals. Experimental methods were deployed to study the function divergence of 
U2AF1. 
3.2.2 Expression pattern of Arabidopsis U2AF1 homologs 
As the two copies in Arabidopsis were very similar to each other, it was likely that they 
had similar function but expressed in different tissues. The expression pattern of AUSa and 
AUSb were checked by RT-PCR and Promoter::GUS assay. 
(1) RT-PCR 
RT-PCR was done on Arabidopsis root, meristerm, young leaf, stem and flower tissues. 
Both AUSa and AUSb genes were expressed in these tissues. In all these tissues, both 
genes showed an alternative transcript retaining the 5'UTR intron. The alternative 
transcripts are in a very low ratio. As these tissue RNAs were treated by DNase before RT-
PCR, it is less likely that the alternative amplification are from DNA contamination. 
Southern blot using these RT-PCR products showed the same results. 
l.e¥ Meiistem Flowe. Stem leaf Me.iderm Flower Stem 
Figure 5: RT-PCR on AUSa (left) and AUSb (right) gene 
The dotted arrows indicated the intron-retained transcripts 
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Another RT-PCR experiment usmg RNA from leaves after flowering revealed two 
additional transcipts for AUSa gene (shown in Figure 6). Sequences of these two 
transcripts both revealed an additional intron in the ORF of AUS gene. Neither of the 
additional introns was canonical. Both introns had repeat regions flanking the intron/exon 
junction (AltS2: AGGAGCA; AltS3: AAAAC), thus it was hard to decide their real 
border. AltS2 and AltS3 transcripts would produce a truncated protein with all conserved 
domains but variable SR domain length. AltS2 (224aa) still retained two RS dipeptides, 
while AltS3 (211 aa) lost the whole SR domain. The relationship between the major and 
minor AUSa proteins was similar to the relationship of U2AF35 and U2AF26 in 
mammalian. Whether these truncated U2AF35 proteins have biological function was not 
known yet. 
Leaf AF Marker 
Alternative splicing of AUSa 
Genome. AltS-1 
.6.LISa rnFlN,1\ 
AltS-2 
AltS·3 
402bp 
Tr anscipts of AUS a 
Figure 6: Alternative splicing pattern of AUSa gene. 
(2) Promoter::GUS assay 
287bp 
345bp 
As RT-PCR results revealed that both AUSa and AUSb expressed in all the major tissues 
inspected, GUS::promoter assay was deployed to compare the expression pattern of AUSa 
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and AUSb gene in detail. Two possible promoter regions together with 5'UTR region were 
checked for each gene. For AUSa gene, promoter 1 (PGaal) was the genomic region 
876bp before ATG start codon, and promoter 2 (PGaa2) was 1358bp before start codon. 
For AUSb gene, promoter 1 (PGabl) was 555bp before start codon and promoter 2 (PGab2) 
was 982bp before start codon. These tentative promoters were inserted right before the 
GUS gene in vector pCAMBIA138lz. Recombinant vectors then were transformed into 
Arabidopsis. For comparison purpose, two control vectors were constructed and 
transformed into Arabidopsis. PGxx was the vector that had a CaMV35S promoter linked 
with GUS gene. PG00 was the empty vector without any promoter before GUS gene. All 
these constructions are shown in Figure 7. 
AUSa 
PGaa1: 
PGaa2: 
AUSb 
PGab1: 
PGab2: 
PGxx: 
PGoo= 
876bp -----· .... ~~iiiii. I 
555bp - ---
~---
No promoUl.r 
Figure 7: Constructions for Promoter::GUS assay 
All these constructions were transformed into Arabidopsis successfully. Several different 
plants from each transformation were tested for GUS activities. Expression patterns were 
the same among the same transformation. PGxx transformants had GUS activity 
throughout the plant, and PG00 didn't show any GUS expression. Both constructions for 
AUSa and AUSb genes worked well, and revealed subtle differences between the 
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expression pattern of AUSa and AUSb. The GUS stain patterns are shown in Figure 18 in 
Appendix B. 
For AUSa gene, only PGaal transformant plants are checked so far. GUS activities were 
detected in 2-3 days whole plants. The strength of GUS expression was similar to 
CaMV35S promoter. Young leaves showed intensive GUS activities, even trichromes had 
GUS expression. When leaves grew bigger, GUS expression was decreased and localized 
around vascular tissues of leaves. Adult leaf blades lost GUS activities completely, while 
petioles still had GUS expression. Roots also showed GUS activities, but limited in 
vascular regions. Very interestingly, the GUS activities were not uniform in the whole root 
vascular region. Some segments showed GUS expression, while others did not. Thus the 
root showed a patch pattern of GUS expression. Root tip and hair did not show GUS 
expression. In adult plants, the most intensive GUS activities were found in flowers. 
Flower buds, sepal, stamen, anther, pollen, stigma and the basal of flowers all showed 
strong GUS expression. Petal showed weak but detectable GUS expression. 
In addition to the above expression pattern, AUSa gene expression could be induced by 
wounds. Direct proof comes from the silique and stems. Normal siliques and stems did not 
show GUS expression, while siliques squeezed by a forceps on different parts showed 
GUS activities exactly on the wound. Stems cut by scissors also have GUS expression on 
the wound regions only. GUS activities in roots also indicated that AUSa was inducible. 
The roots from plants growing in soil showed much stronger GUS activities than roots on 
media plates, as roots are easily wounded in soil. These GUS stain patterns are shown in 
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Figure 19 in Appendix B. Northern blot will be conducted to check the expression level of 
AUSa before and after wound treatment. 
For AUSb gene, two promoter constructs were checked. PGabl and PGab2 showed similar 
GUS expression pattern in seedling and leaves as AUSa gene (PGaal), but their GUS 
activities in roots were different. PGab 1 did not show any GUS activity in roots, while 
PGab2 showed strong GUS activities on the whole root, with the strongest expression in 
root tips. Unlike PGaal, GUS expression in roots is even in PGab2 plants. The expression 
pattern of AUSb gene in flowers will be checked soon. 
The Pomoter::GUS assay revealed that both AUSa and AUSb were expressed in the 
majority of Arabidopsis tissues. AUSa was expressed strongly in young tissues and 
flowers. Interestingly, AUSa was inducible by wound. AUSb also was expressed in young 
tissues. Its expression in roots was stronger than AUSa. Other tissues will be checked soon 
for AUSb gene. Since PGab 1 plants had no GUS activities in roots, it seems that the long 
promoter of AUSb contains a root expression element. 
3.2.3 Function of Arabidopsis U2AF1 homologs 
The function of AUSa and AUSb was inspected in two ways. First, the open reading 
frames of AUSa and AUSb gene were ligated with CaMV35S promoter. Insertions of both 
directions were obtained. These vectors were transformed into Arabidopsis successfully. 
Hopefully, the forward insertion of open reading frame would over-express the AUSa or 
AUSb gene, the reverse insertion would transcript anti-sense mRNA and thus knock-out 
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the target gene. The phenotypes of these tranformant plants will be inspected carefully. 
Another approach taken was to look for mutants for these two genes. Syngenta GARLIC 
T-DNA line collection, SALK T-DNA lines, GenTrap and Nottingham Arabidopsis stock 
center were searched by BLAST, two possible T-DNA insertion lines found for AUSa 
gene, but neither were found for AUSb gene. GARLIC_ 1221_G10 from Syngenta 
company had an insertion in AUSa promoter region. SALK_050678 may have an insertion 
in the 5'UTR intron of AUSa gene. Both lines were ordered and planted. A homozygous 
insertion plant (A6) was identified from the Garlic line. 
When amplifying with T-DNA primer LB3 and AUSa gene specific primer pair (AUSaR), 
plant A6 could amplify a single band. Sequences revealed the T-DNA inserted about 
890bp before the start codon (nearly the same position where PGaal construction starts). 
Close to the insertion region, a 45bp fragment was deleted and a 27bp fragment was 
inverted on the insertion site. PCR using a primer pair from AUSa gene (AUSa F/R) did 
not produce any product in A6 plant, indicating that A6 was a homozygous insertion line. 
Nine progenies from A6 plants showed the same amplification pattern, thus proved A6 was 
a homozygous insertion line. PCR results are shown in Figure 8. Southern blot using A6 
and one of its progeny showed that five copies of T-DNA insertions exist in the genome 
(data not shown). 
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Figure 8: PCR analysis revealed A6 is a homozygous insertion line 
RT-PCR showed AUSa gene still expressed in the adult leaves of mutants (data not 
shown). This fact further proved that PGaal was a functional promoter for AUSa gene. 
However, it was possible that the strength or locations of expression is changed, as all 
progenies of A6 showed late flowering phenotype. 
Under continuous light condition, wild type Columbia will flower at about 14 leaves. It 
will have about 28 days from germinating to flowering. Progenies of A6 plant flowered at 
about 24 leaves. They had about 36 days for their vegetative growth. Whether the late 
flower type was really due to the insertion on AUSa gene is not known yet. Back-cross 
with wild type will be conducted to get rid of other T-DNA copies, then complementation 
experiments will be conducted to check if the late flowering type was really caused by the 
insertion in AUSa promoter. 
37 
3.2.4 Zea mays U2AF1 homologs (ZUS) 
Two copies of U2AF1 homologs were found in the maize EST database (zmDB). They 
were named ZUSa and ZUSb. Through genome PCR and RT-PCR, the gene structure of 
ZUSa was identified. There are two introns in the 5'UTR region. One is 437bp, the other is 
706bp. A small exon of 88 bp is skipped in alternative spliced transcripts. The splicing 
pattern is shown in Figure 9. 
18 437 88 706 1103 (24) (8) 
Transcript 1 
Transcript 2 
Figure 9: Alternative splicing on Zea mays U2AF Small subunit a (ZUSa) 
The 88bp exon between 2 introns is skipped and the (24) and (8) regions can be repeated in some transcripts . 
One very interesting phenomenon was that both sequences of transcripts were not exactly 
the same as genome sequence. Two regions were repeated in transcript 1, one was a 24 bp 
in ORF, another was an 8 bp in 3' UTR. Transcript 2 only had the 8bp repeat. Some ESTs 
in the zmDB database showed no 8 bp repeat. Primers from the junction region of the 24 
bp repeat were used in genome PCR. No specific band was produced, which suggests there 
was no additional allele in the genome. RT-PCR and genome PCR using the same tissue 
sources will be checked soon. If the difference between mRNA and genome DNA still 
happens, then this phenomenon might be caused by RNA editing. 
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For ZUSb, one EST (AI491620) was ordered and sequenced from both ends. The full 
sequence was subjected to ORF finder and used to search EST database again by 
GeneSeqer. A 290 intron in the 5'UTR region was found to be retained in AI491620 
sequence. Genome PCR and RT-PCR will be done soon to determine the gene structure 
and expression pattern of ZUSb. 
The predicated protein sequence was 74% similar to ZUSa.and 80% similar to AUSa. 
Phylogenetic analysis revealed that ZUSb was the ortholog of rice osU2AFa, and ZUSa 
was an ortholog of rice osU2AFb (Figure 10). Both ZUSa and osU2AFb have poly(G) in 
the protein sequences, which was a common feature of animal U2AF1 homologs. AUSa, 
AUSb, ZUSb and osU2AFa all lacked poly(G). The alignment of human U2AF35, AUSa, 
AUSb and ZUSa is shown in figure 17 in Appendix A. Duplication and divergence of 
monocot U2AF1 homologs indicates that U2AF1 was duplicated before the divergence of 
maize and rice. It would not be surprising if functions of ZUSa and ZUSb were more 
divergent than functions of AUSa and AUSb. The difference between maize (rice) and 
Arabidopsis U2AF1 homologs might contribute to the different splice site recognition in 
monocot and dicot. 
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osU2AFa 
ZUSb 
osU2AFSb 
ZUSa 
Figure 10: Phylogenetic tree of plant U2AF1 homologs 
3.3 Plant SR proteins 
U2AF1 may interact with SR proteins, such as SC35 and SF2/ASF, to recognize the exonic 
splicing signals. Therefore the characteristic of SR proteins will be useful for explaining 
how U2AF1 functions and how plants select the splice site. 
3.3.1 Arabidopsis SR proteins 
As described in 3.1.5, Arabidopsis has 19 SR proteins. Arabidopsis SC35 (atSR33) and 
SF2/ASF homologs (atSRl, atSRp30) have already been studied [Golovkin, 1999; Lazar 
1995; Lopato, 1999]. We focused on identifying mutants of these splicing factors. 
atSR33 is one of SC35 homologs in Arabidopsis. It was found to interact with Ul-70K 
protein in Ul snRNP and thus could function in selecting 5' splice site [Golovkin, 1999]. 
One homozygous line (A2) with insertion in the 6th exon of atSR33 was identified. 10 
progenies from the A2 plant were all homozygous. RT-PCR using primers from 5' and 3' 
UTR region revealed no full length of atSR33 mRNA would be produced, which meant the 
gene was really knocked out in the mutants. Interestingly, splicing pattern of AUSa gene 
was changed in atSR33 mutant. The atSR33 mutants did not have the AUSa transcript 
retaining the 5 'UTR intron. It is not known yet if partial atSR33 gene is expressed in the 
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mutant. Also it is very interesting to find out how the AUSa splicing pattern was changed 
in the mutant. Unfortunately, no other clear phenotype was observed yet for the atSR33 
mutant. 
Marker Genome /J.2-1 /J.2-7 I/VT 
Figure 11: Homozygous atSR33 mutants showed no expression of atSR33 gene and 
altered splicing pattern on AUSa gene. 
White arrow showed the retained intron of AUSa in wild type but not in atSR33 mutants. 
atSRp30 is one of the Arabidopsis SF2/ASF homologs [Lopato, 1999]. A heterozygous 
mutant with insertion at the transcription start point was identified. Interestingly, 14 
progenies of this mutant are all heterozygous, not even a wild type progeny was found. 
More progenies will be screened to find homozygous mutants. 
atAULc was one of the Arabidopsis U2AF large subunit homologs. One homozygous 
mutant was identified to have an insertion in the 11th intron. However, RT-PCR using 
primers designed from the exons flanking the intron showed the same amplification pattern 
as wild type plants, indicating that the T-DNA insertion was spliced out in AULc mutant. 
Among all these mutants, the splice pattern ofFLC and FCA genes, which have a 5kb 
intron and 2 kb intron respectively and both function in flowering time, were normal. This 
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indicates that atSR33 and AULc may not function in splicing of these genes, or the 
paralogs of atSR33 or AULc can replace them during the splicing process. 
3.3.2 Maize SR proteins 
(1) Maize SC35 homologs 
Six homologs ofSC35 were found in ZmDB. ZmSC35e has 70% similarity with atSC35. 
It is conserved in the N-terminus, where RRM locates, but is divergent in the C-terminus, 
where SR domain is located. As SR domain mediated protein interaction, there might be 
different interacting proteins with SC35 in Arabidopsis and maize. 
Phylogenetic analysis indicates that zmSC35a, b, and e are homologs of atSC35. zmSC35e 
is closer to Arabidopsis atSC35 than zmSC35a and b. zmSC35c and zmSC35d are 
homologs of atSCL30. zmSC35fis the ortholog of atSCL28. 
RT-PCR results showed that all three homologs of atSC35 (zmSC35a, band e) expressed 
in root, shoot, endosperm and kernel, without evidence of alternative splice. Genome PCR 
revealed that there are no introns in the zmSC35e coding region. zmSC35a gene has seven 
introns. 6 of them are in the coding region and the last intron is in 3' UTR region. 
zmSC35b gene has seven introns in the coding region. An additional intron of 384 bp was 
inserted into the 5th exon of zmSC35a and thus split it into two exons in zmSC35b, shown 
in Figure 12. 
76 (87) 79 (78) 80 (100) 67 (>500) 298 (>100) 165 (87) 6 
zmSC35a Gene Structure (in coding region) 
76 (82) 79 (78) 80 (81) 67 (972) 72 (384) 228 (81) 163 (90) 6 
zmSC35b Gene Structure 
Figure 12: Gene structures for maize SC35 homologs zmSC35a and zmSC35b. 
42 
Gene structures of zmSC35 homologs were compared with atSC35 (Figure 13). Intron 
positions were conserved among maize and Arabidopsis homologs. The first four and last 
exons were exactly the same size among Arabidopsis and maize homologs. This suggests 
that SC35 was a single copy gene with several introns in the common ancestor ofmonocot 
and dicot plants. The gene was then duplicated in maize. zmSC35e might be the result of 
reverse transcriptase mediated duplication. 
atSC35: 76, 79, 80, 67, 140, 195, 268, 
~ zmSC35a: 76, 79, 80, 67, 298, 165, zmSC35b: 76, 79, 80, 67, 72, 228, 163, zmSC35e: no intron 
Figure 13: Conservation of SC35 gene structures between maize and Arabidopsis. 
(2) Maize SFZIASF homo/gos 
Arabidopsis SF2/ ASF homologs were BLAST in zmDB. Two homologs were found and 
named zmSRpl and zmSRp2, respectively. Their nucleotide sequences were 91 % similar 
and amino acids sequences were 89% similarity to each other. RT-PCR showed that they 
were both alternatively spliced. zmSRp 1 primers could amplify three transcripts and 
zmSRp2 primers could amplify five transcripts. Two transcripts from zmSRp 1 and four 
from zmSRp2 were cloned respectively, as shown in Figure 14. 
M 
zmSRpl 
Root Shoot 
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zmSRp2 
Root Shoot 
Figure 14: RT-PCR on zmSRpl and zmSRp2. 
Genome sequences revealed that both two genes contained four introns. The intron 
positions are conserved between the two copies, and both 1st introns could be alternatively 
spliced. The comparison of the two genes is shown in Figure 15. 
(1) Gene structure of zmSRpl and zmSRp2: 
I I • 
(2) Major transcripts between zmSRp 1 and zmSRp2 
Constitutively spliced transcript -·· - - -Alternative spliced transcripts. 
I I 11111 
(3) Two additional alternative spliced transcripts in zmSRp2 
zmSRp2-AS2 
I 11111 I 
zmSRp2-AS3 ---·-
Figure 15: Conservation and variation of alternative splice pattern 
on zmSRpl and zmSRp2. 
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Gene structure comparison revealed that these two maize homologs are actually orthologs 
of atSRp31, shown in Figure 16. They should belong to plant specific SR proteins instead 
of SF2/ ASF family. The relationship between them and SF2/ ASF might be similar to the 
relationship between SC35-like protein and SC35. Both the SC35-like protein and new SR 
proteins tend to be plant specific. They may function in recognizing the special features of 
plant introns. 
atSRp40 : 106, 113 242, 558, 34 
atSRp4 l : 106, 113 239, 582, 31 
atSRp32: 106, 113 236 267, 31 
atSRp31 : 106, 113 230, 315, 
~ zmSRpl : 106, 113 230, 2 19, zmSRp2: 106, 114 229, 216, 
Figure 16: Conservation on the gene structures of plant specific SR proteins between 
Arabidopsis and Maize 
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IV. Discussion 
Both computational and experimental approaches were deployed in this research to study 
plant splicing mechanisms. Duplication of splicing related proteins in both Arabidopsis 
and maize indicates that plants have conserved splicing mechanism like mammalian, but 
have different splice site selection and splicing control mechanisms. Differences in U2AF1 
homologs may contribute to the subtle difference in splice site selection between monocot 
and dicot. 
Since splicing related proteins were duplicated, we conclude that post-transcriptional 
control becomes more important than before. If this is the case, we will expect modem 
Arabidopsis to have more introns than its ancestor. The total numbers of introns are surely 
increasing as many genes with introns are duplicated. It seems that the intron number for a 
single gene is also increasing. A direct evidence comes from the three copies ofTri-snRNP 
15.5KD subunit. At5g20160 has five exons (3, 121, 104, 132, 27), while both At4g12600 
and At4g22380 have only two exons (228, 159). It is clear that the sums of first three 
exons and last two exons of the At5g20160 are equal to the two exons in the latter two 
genes. These three copies have similar sequence identity to human 15.5 KD, indicating 
they appeared in similar time. It is very possible that At5g20160 only had two introns at 
the beginning, like other two homologs. Three introns were inserted into its coding region 
later during the evolution. This is only a rough estimation. Even if this is not the case, we 
still can conclude the intron number is increasing as many splicing related proteins 
duplicated and diverged. It is hard to image when introns become less, more splicing 
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control will be necessary. 
Functions of Arabidopsis duplicated genes are worth more work. If duplications happened 
recently, then they might have not evolved functional divergence yet. However, if 
duplications happened earlier, we expect different functions or expression profiles to exist. 
The subtle different expression pattern of two homologs of SF2/ASF (AtSRp30 and 
AtSR1/AtSRp34) were revealed by GUS::Promoter assay [Lopato et al., 1999]. Our results 
on U2AF1 homologs showed that AUSa was highly expressed in flower but lowly in roots. 
AUSb, however, was expressed strongly in roots. Their expression patterns in roots were 
also different. These results indicate that AUSa and AUSb gene have already diverged in 
their substrates. Whether they have divergent functions will need to be inspected. 
Microarray is a powerful technique to detect changes in global expression pattern. 
Arabidopsis introns and alternative spliced introns array will be valuable and contribute 
greatly to plant splicing research. 
For the 71 unclassified splicing related proteins, some of them such as splicing factor like 
proteins (SFL) and RNA binding proteins (RBPs) are likely to be involved in splicing. For 
instance, the two copy of atSFLl (At5g09880 and At2g16940) both contain three RRM 
and are arginine rich, atSFL 7 (At3g23900) contains a RRM domain and is arginine and 
serine rich. We do find some RS di peptide in their sequences, although not apparent as SR 
proteins. These proteins are most likely to be involved in splicing, but we do not know 
their function yet. poly(A) binding proteins were found to be similar to polypyrimine tract 
binding proteins. As another important post-transcriptional control, polyadenylation may 
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be coupled with splicing in some way. Other proteins were picked because some splicing 
related proteins have high similarity with them. In addition to the 292 proteins, we also 
found a large number of proteins similar to them. These proteins include ~50 RNA 
helicases, ~30 protein kinase, 16 cyclophilin and 9 proteins containing WD40 domain. As 
many of these protein functions are annotated and have no direct relation with splicing, we 
do not expect that all of them are splicing related. However, as they have domain and 
sequence similarity to some splicing members, it might be possible that some of them have 
direct or indirect relation with splicing. 
Splicing related genes may also have some function in other biology processes. For 
example, splicing factor cdc5 in fission yeast was identified at first as a cell division 
control element. Although multiple functions of splicing factors may be the result of 
splicing some important genes, it is also possible that splicing factors are involved directly 
in other processes. Arabidopsis FCA will be a good example if FCA is really a hnRNP. 
Moreover, We found the FCA protein was similar to Hordeum vulgare ABA binding 
protein (about 50% similarity over a 414aa region). The HSP region located between the 
2nd RRM and WW domain. So far we have no clue if the binding of plant hormone might 
affect the affinity of pre-mRNA binding, thus affect the splice site selection. What is 
known for sure is that plants also have a precise mechanism of splicing control to adapt to 
their environment. 
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Appendix A: Alignment of U2AF1 homo logs 
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Figure 17: Alignment of human, Arabidopsis and maize U2AF1 homologs 
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Appendix B: GUS stain pattern 
AUSa expression pattern (PGaa1) 
PGab1 ::GUS stain PGab2::GUS stain 
Figure 18: GUS stain pattern for AUSa and AUSb promoters 
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(1) Stem showed GUS activities only on the cut parts. 
(2) Normal silique showed no GUS activities, but the wound parts caused by forcept 
showed strong GUS activites. 
(3) Roots grow on plates showed weak GUS activites. 
(4) Roots grow in soil showed strong GUS activites, especially on the branch conjuction 
parts, which might be wounded mostly when being pull out. 
Figure 19: GUS stain pattern revealed AUSa can be induced by wound. 
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